A number of studies have demonstrated plasticity of the developing corticospinal tract during development following unilateral lesions or interventions in the sensorimotor cortex in a number of species and with a number of techniques (rodent [1] [2] [3] [4] [5] ; kitten [6] ; human [7, 8] ). In order to study changes in termination patterns of corticospinal fibres, anterograde tracing is a powerful technique and has been employed in both rats to demonstrate the sprouting of fibres across the midline to the denervated spinal cord to form bilateral connections [9] and, in kittens, to show retention of ipsilateral connections normally eliminated during development, when one sensorimotor cortex is functionally silenced [10] . But these experiments involved injection of tracer into the sensorimotor cortex only and did not reveal potential plasticity from other regions of the cortex that initially send axons to the spinal cord but later withdraw them during normal development [11] [12] [13] . Furthermore, the inevitable damage to the cortex from injecting tracer may induce its own plasticity, and the relatively long transport times of the best tracers such as dextrans and phaseolus vulgaris lectin compared to the rapid growth times of rodent pups make study of the dynamic aspects of corticospinal axon sprouting hard in these species.
Therefore, the development of a transgenic mouse with corticospinal fibres selectively labelled with yellow fluorescent protein (YFP) offered the promise of further advances for translational neuroscientists wishing to study corticospinal tract development and plasticity in response to lesions such as stroke or spinal cord injury [14] .This removes the need to inject tracers and permits the study of the state of the corticospinal axons at any time point. Study of the natural fluorescence of the YFP expressing neurons and their axons suggested that expression is seen in 90% of cortical neurones but is almost entirely restricted to neurones with cell bodies located in the forebrain [14] . Stroke-like lesions to adult CST-YFP mice greatly reduced the number of corticospinal axon branches in the spinal cord contralateral to the lesion, which partially recovered in numbers over time [15] .
In the present study, we employed immunohistochemistry to enhance visualisation of the YFP labelled neurones and axons as previously suggested [14] and found it easy to visualise YFP immunoreactive structures. This allowed us to follow the time course of corticospinal axon plasticity following neonatal lesions of the corticospinal tract, however, unexpected expression of immunoreactivity was also observed.
Introduction

PlastIcIty to neonatal sensorIMotor cortex Injury
Plasticity to neonatal sensorimotor cortex injury in the YFP-CST mouse was made in the scalp, and the right forelimb sensorimotor cortex was ablated by cutting and lifting a flap in the frontal skull bone and aspirating grey matter through a pipette. The bone was then replaced and the scalp repaired with sutures and tissue glue. Mouse pups were returned to the mother when consciousness was fully recovered.
Lesioned CST-YFP mice (n=11), as well as some unoperated animals(n=5) and uncrossed B6.Cg-Tg(Thy1-EYFP)15Jrs/J mice (n=3), were perfused between P7-P29. Mice were deeply anesthetized with sodium pentobarbitone injected i.p. and then perfused trancardially with saline, followed with 4% para-formaldehyde (PFA) in 0.1M phosphate buffered saline (PBS) 1 ml/g weight. The brain and spinal cord were removed and post-fixed for two hours in 4% PFA in PBS and transferred to 30% sucrose in PBS overnight at 4 o C. Surgical and anaesthetic procedures described above were approved by the University of Newcastle Ethical Review Committee and the UK Government Home Office.
Immunohistochemistry
Sections of spinal cord, brainstem and forebrain were cut on freezing microtome at 50μm thickness and stored in PBS at 4 o C. Some forebrain sections were Nissl stained with cresyl violet to confirm the lesion site, and the rest of the sections were for used for immunohistochemistry. Free-floating sections were washed in 0.1M PBS after cutting and were incubated overnight at 4 oC in anti-GFP primary antibody (diluted 1:2000, Millipore, Watford, UK; YFP and GFP are near identical proteins and the antibody recognises a common epitope) in PBS-T (PBS with 0.3% Triton-X, Sigma-Alldrich, Poole, UK) and 3% normal goat serum ( Vector Labs., Peterborough, UK). Sections were washed in PBS and incubated with biotinylated anti-rabbit secondary antibody in PBS-T (1:200, Vector Labs) for two hours at room temperature. Sections were then washed in 0.1M PBS and incubated with Streptavidin horseradish peroxidise (HRP) in PBS-T (1:200, Vector Labs) for one hour at room temperature. Sections were washed and reacted with diaminobenzidine and urea peroxide in PBS (Kit supplied by Sigma-Alldrich). Sections were mounted on slides, dehydrated, cleared and coverslipped using Histomount (Merck, Loughborough, UK).
Quantification
Images were collected with an Axiovision computerised camera system (Carl Zeiss) attached to an Olympus BX60 microscope. Automatic focussing and exposure ensured each image was captured under the same conditions. Low power images of spinal cord sections were used for measuring the density of immunoreactivity in the dorsal horn and dorsal funiculus in the cervical segments of the spinal cord. For each lesioned animal (n=11), six sections with uniform immunostaining were selected representing each segment from cervical spinal cord C4 to T1 inclusive.
Relative density measurements of immunoreactive staining were performed using Image J software (http://rsb.info.nih. gov/ij/, 1997-2009). A background optical density for each section was measured in an area of the lateral ventral white matter free of immunostained axons (see Fig. 2B ) which was subtracted from the mean optical density of the experimental area (dorsal horn or dorsal funiculus). In the case of the dorsal funiculus, the entire dorsal funiculus was sampled and measured and the average optical density minus average background density was multiplied by the area of the funiculus (defined as the minimum area within which all labelled axons could be observed) to give a measure of total immunostaining in the dorsal funiculus. In the dorsal horn, the average optical density in a box of fixed area and placed in the same place in each section on either side of the spinal cord ( Fig. 2B ) was measured and background density subtracted. Immunostaining present contralateral to the lesion in either the dorsal funiculus or the dorsal horn was expressed as a percentage of that present ipsilateral (relatively unaffected by) the lesion for each section analysed and the mean value for each animal calculated.
A different, complementary approach was taken to measure density of innervation of the ventral horn. Again six sections were selected representing each spinal cord segment from C4 to T1 inclusive. High power images of the ventral horn were taken at the same location either side of the central canal in each section (Fig 3A) .The image was split up into a grid of 88 squares side 25 µm and immunoreactive boutons were counted in every other square, beginning with the top left hand corner. The % ratio of boutons counted in the contralesional ventral horn to the number of boutons on the ipsilesional side was calculated for each section and the mean value for all six segments was calculated for each animal. Finally, in a subset of five lesioned animals P10, P14, P21, P28, P29), individual large immunoreactive axons were counted in the contralesional and ipsilesional dorsolateral funiculus.
results
Extent of the lesion
Unilateral aspiration of the sensorimotor cortex at P7 proved to be a fairly reproducible technique with all animals losing the majority of the corticospinal tract unilaterally. Figure 1 shows the typical extent of lesioning in an animal at P29. The sensorimotor cortex was effectively removed unilaterally with minimal damage to the striatum (Fig. 1A) . At the level of the medulla (Fig. 1B) immunoreactivity for YFP is greatly reduced in the pyramid ipsilateral to the lesion, but some fibres of presumably cortical origin are still present. Similarly, at the level of the dorsal funiculus in the spinal cord immunoreactive fibres contralateral to the lesion are greatly reduced (Fig. 1C , Fig. 2A & B) . However, when compared with the ipsilesional tract, the contralesional corticospinal tract at younger ages appeared larger than at older ages. This is illustrated in Fig. 2C which shows the relative size of the contralesional compared to the ipsilesional tract and shows a statistically significant negative correlation with age between P9 (2 days post lesion) and P29. No major differences were seen in the extent of the lesion to the sensorimotor cortex at different ages although this was not quantified. Instead, it appears there was a protracted change in the number of fibres in the corticospinal tracts following the lesion.
3.2. Recovery of anti YFP immunoreactivity in the spinal cord grey matter post lesion Axons from the dorsal funiculus (and to a much lesser extent the dorsolateral funiculus) densely innervated the dorsal horn and the density of labelling was measured in defined regions on either side of the spinal cord. Reduced immunoreactivity compared to the ipsilesional dorsal horn was always observed in the contralesional dorsal horn but the extent of the reduction was highly variable and did not correlate significantly with age ( Fig. 2D) . However, when the % immunoreactivity in the contralesional/ipsilesional dorsal horn was divided by the % size of contralesional/ ipsilesional dorsal funiculus, this ratio increased significantly over time (Fig. 2E ). This notionally gives a measure of the density of innervation by immunoreactive fibres in the ipsilesional dorsal horn compared to the number of fibres in the ipsilesional dorsal funiculus and suggests sprouting of surviving immunoreactive fibres over time to replace innervating axons removed by the lesion.
In the ventral horn, where the density of innervation was less, the extent of innervation by immunoreactive fibres was measured by counting individual presumptive axonal boutons within a defined region of the medial ventral horn on either side of the cervical spinal cord (Fig. 3) . Shortly after lesioning, the number of immunoreactive boutons contralateral to the lesion was about 60% of that on the ipsilesional side. This gradually increased to at least 100 % of the ipsilesional side by three weeks after lesioning ( Fig 3D) . These observations in both ventral and dorsal horns suggest that lesioning the sensorimotor cortex unilaterally initially causes a large reduction in immunoreactive fibres in the contralateral spinal cord, but that immunoreactivity in the grey matter recovers, not from the growth of new immunoreactive fibres into the dorsal funiculus, but from the sprouting of intact immunoreactive fibres.
Sources of sprouting
Although the great majority of immunoreactive axons were located in the dorsal funiculus, fibres were also observed in the dorsolateral (Fig. 4A, B ) and ventromedial white matter (known sources of corticospinal fibres [16, 17] ) and in the ventral and lateral funiculi (Fig.  4E) . Unlike in the dorsal funiculus, there were not obvious differences in numbers of fibres between contralateral and ipsilateral sides of the spinal cord. Axon counts made from a subset of 5 animals (P7, P10,P14, P21,P28) revealed in every animal a small drop in numbers (range 1-7) of large labelled axons in contralesional dorsolateral funiculus (mean 38.4 + 6.1 95% confidence limits) compared to the ipsilesional dorsolateral funiculus (mean 41.8 + 6.2). In rodents, rubrospinal axons are located in the dorsolateral funiculus [18] and examination of midbrain sections revealed that a number of large neurones in the magnocellular red nucleus, the origin of rubrospinal fibres, were immunoreactive for YFP (Fig. 4C ) in every animal studied, unoperated and lesioned. Other labelled neurones were found throughout the midbrain including in the superior collicullus (not shown), a source of tectospinal fibres that project to the ventral funiculus of the spinal cord, and also scattered through the medulla (Fig. 1B) .
In addition immunoreactive cell bodies were seen consistently, although not in every section, of spinal cord at all ages studied in both lesioned (n = 11) and unoperated animals (n=5; P7,P10,P14, P21, P28). These neurones were more commonly found in the ventral horn, including presumptive motoneurones (Fig. 4 D, E; Fig 3A) but were also seen in the dorsal horn (Fig. 4E ). It appears that there are many potential sources of immunoreactive axons in the spinal cord besides the corticospinal tract including projections from mid-brain, medulla Figure 1 . Extent of sensorimotor cortex lesion A shows a typical Nissl stained section from the forebrain of a lesioned animal at P29. The sensorimotor cortex is obliterated unilaterally (*) but the underlying striatum remains largely intact. B and C shows anti YFP immunoreactivity in medulla and spinal cord from the same animal and demonstrates extensive loss of corticospinal axons from one pyramid only, ipsilateral to the lesion (* in B) and from the contralateral dorsal funiculus (* in C) . Note the presence of an immunoreactive cell body in the medulla (arrow in B). Scale Bars ; A = 1mm, B= 250 µm, C= 100 µm. between P9 and P29. In both cases there is marked immunoreactivity in the ipsilesional dorsal funiculus associated with immunostaining in the adjacent medial dorsal horn which increases with age. The contralesional dorsal funiculus (* in A, 1 in B) contains only a few immunoreactive fibres. At P9 (A) there is very little associated immunoreactivity in the adjacent dorsal horn grey matter but by P29 (B) it is clearly visible but not as intense as on the ipsilesional side. The relative immunoreactivity on both sides of the spinal cord was quantified. B shows where measurements of optical density of immunostaining were made. 1 is the contralesional dorsal funiculus, 2 the ipsilesional dorsal funiculus, 3 an area of white matter containing no immunoreactive axons to provide a background reading, 4 is the area of contralesional dorsal horn sampled and 5 the area of ipsilesional dorsal horn sampled. See methods for full details. C-E summarise the quantification experiments. C shows the size of the contralesional corticospinal tract in the dorsal funiculus relative to the ipsilesional side giving a measure of the extent of the lesion in each animal (mean of six measurements, error bars represent 95% confidence limits) . Note that the degree of imbalance significantly increases over time. D shows the density of YFP immunoreactivity in the contralesional dorsal horn relative to the ipsilesional side giving a measure of the extent of denervation in each animal (mean of six measurements, error bars represent 95% confidence limits). Note there is no change with time. However, E demonstrates that when the density of YFP immunoreactivity in the contralesional dorsal horn relative to the ipsilesional side is normalised to the size of the ipsilesional corticospinal tract in each animal (mean of six sets of measurements, error bars represent 95% confidence limits) , there is a significant recovery in YFP immunoreactivity in the contralesional dorsal horn over time. The arrow in B indicates immunostained axons that may be crossing over the midline from the ipsilesional to contralesional side. Scale bars = 100 µm lesion had apparently little impact on the number of labelled fibres in these funiculi. C shows labelled neuronal cell bodies in the magnocellular red nuclei (*) on both sides of the midbrain in an unlesioned animal, as well as in other locations. CP and TP mark the cerebral peduncle and transpontine fibres which both contain large numbers of immunopositive axons originating from the cortex. D shows a large immunopositive neurone in the medial ventral horn of a lesioned animal. An asterisk marks the central canal and the dorsal funiculus is clearly visible (DF) along with fibres crossing the midline (arrow). E shows multiple immunopositive neurones in the spinal cord at P14 in both dorsal and ventral horns and including putative motoneurones. An arrow marks immunopositive axons in the ventral funiculus (VF) of unknown origin but unlikely to be corticospinal fibres. DLF and DF mark the dorsolateral and dorsal funiculi. Scale bars; A & B = 100 µm, C = 200 µm, D = 50 µm, E = 100 µm and intrinsic spinal cord neurones. Finally, no immunoreactivity at all was observed in sections from uncrossed B6.Cg-Tg(Thy1-EYFP)15Jrs/J animals (n=3; P7, 14 and 28).
Discussion
Immunoperoxidase staining for YFP in the CST-YFP mouse appears to give a detailed demonstration of corticospinal innervation of the mouse spinal cord similar to that observed by anterograde tracing studies in rodents [e.g. 2, 3, 9, 19, 20] however more detailed inspection revealed the presence of a few immunoreactive axons in unexpected parts of the white matter such as the ventrolateral tracts. In addition the occasional spinal cord neurone was also positively stained. Inspection of brain stem sections revealed other labelling of neuronal cell bodies outside of the forebrain including magnocellular red nucleus neurones and neurones in the reticular formations of the medulla that could be expected to project axons to the spinal cord. We were able to show loss of immunoreactive corticospinal axons in the spinal cord in response to a developmental lesion of the sensorimotor cortex, followed by a recovery of immunoreactive staining in the grey matter over time, demonstrating a sprouting of surviving immunoreactive axons. Although this gives us information about the plasticity of the spinal cord during this developmental period, we are limited in our interpretation of the sources of sprouting by the unexpected lack of specificity of YFP expression in this transgenic mouse.
Specificity of YFP labelling in the
CST-YFP mouse Bareyre and colleagues [14] In the CST-YFP mouse, neurone specific regulatory sequences of the Thy1 promotor drive expression of YFP following excision of transcription and translation terminating STOP sequences by the co-expression of Cre recombinase which is only expressed by cells also expressing Emx1 [14] . A study exploiting an Emx1-Cre mouse crossed with a "reporter" strain demonstrated that Expression of Emx1 is largely restricted to the forebrain [25] however very limited expression of Emx1 in midbrain and hindbrain was reported in this study. We found no evidence of YFP expression in the B6.Cg-Tg(Thy1-EYFP)15Jrs/J mice, suggesting that it is ectopic expression of Emx1 that drives YFP expression in other regions of the central nervous system. Our observations confirm the previous observation [25] that Emx1 expression in the rodent is not entirely confined to the forebrain. If the CST-YFP mouse is to be used in experiments exploring the anatomy, plasticity and development of the corticospinal tract in conjunction with immunohistological detection of YFP expression then caution will have to be used in interpreting the results.
Loss of corticospinal axons in
response to a developmental sensorimotor lesion is a protracted process.
One interesting observation from our study was that the dorsal funiculus contralateral to the lesion was greatly reduced in size a few days post lesion but appeared to continue to decrease in size relative to the ipsilesional dorsal funiculus over three weeks post-lesion. It is conceivable, but unlikely, that by chance animals receiving more complete lesions were examined at older ages than those receiving smaller lesions. Qualitative examination of Nissl stained forebrain sections did not suggest this. A more likely explanation is that it reflects dynamic changes involving axon withdrawal from the developing corticospinal tract. In the adult rodent the corticospinal tract is largely but not completely crossed (96-98% crossed in rat [3]) so it would be expected that a proportion of fibres would always survive a unilateral lesion. At P7 in the rodent the tract is also largely crossed [26] as our study confirms, however, it is known that axons are still being added to the mouse corticospinal tract between P7 and P14 and also withdrawn over a more protracted period [19, 27, 28] and not only from the contralateral but also the ipsilateral cortex (in rat [26] ) and not only from sensorimotor cortex but from layer V of all regions of the rodent neocortex [11] [12] [13] . It follows that if axons from non-sensorimotor cortex from both hemispheres are gradually withdrawn in equal amounts from both tracts from P7 onwards then a smaller of proportion of fibres overall will be left contralateral to the lesion. It has been suggested that removal of the sensorimotor cortex in human at an equivalent stage of development to that studied here in the mouse could lead to maintenance of projections from the non-sensorimotor cortex that would normally be withdrawn [8] . Under certain experimental conditions, rescue of visual cortex projections to spinal cord into maturity have been reported in rodents [13, 29] . Our present study suggests that withdrawal of exuberant axons still takes place despite the lesion so that there might only be a partial rescue of inappropriate projections, if at all. Alternatively the relative shrinkage of the contralesional tract compared to the ipsilesional tract may reflect the establishment of a larger than usual ipsilesional tract. This has been previously reported in response to an extensive unilateral lesion of the neocortex at P0 in mice [27] . This involved retention of a proportion of axons in the ipsilesional dorsal funiculus that would normally be eliminated from P14 onwards. Evidence that these retained axons might contribute to innervation of grey matter on both sides of the spinal cord is provided by observation of YFP axons crossing the midline just ventral to the central canal in the present study, in agreement with Aisaka et al [10] .
Changes in immunoreactivity in
the spinal cord grey matter post lesion.
Two approaches were adopted for quantifying the levels of innervation by putative corticospinal axons in the spinal cord. In the medial dorsal horn, where immunoreactive axons and boutons were numerous and hard to discern individually, densitometric measurements were made, similar to those reported in experiments with lesioned adult CST-YFP mice [15] . However, in the ventral horn, it was possible to discern individual putative synaptic boutons and it seemed appropriate to count these using a method similar that previously employed by our group to quantify density of innervation by transganglionically labelled muscle afferents [5, 30, 31] . Both approaches provided data that was reasonably consistent across sections and animals and demonstrated a reduction in labelled axons contralesionally. This suggests that both approaches were appropriate and that each validates the other. The differences between dorsal horn and ventral horn in the longer term response to the lesion we believe reflect differences in the innervation of the two divisions, as we shall argue below, and not differences in the counting method employed. Ablation of the sensorimotor cortex unilaterally resulted in markedly reduced immunoreactivity in the dorsal horn grey matter contralateral to the lesion compared with ipsilateral to the lesion or unlesioned animals. The extent of this reduction did not change significantly over time. On the other hand, in the ventral horn, an initial marked reduction in the density of immunreactive axonal varicosities contralateral to the lesion was followed by a recovery in the number of these putative synaptic boutons to almost the same numbers observed ipsilesionally. To explain this we should consider the sources of immunoreactive axons. As we have demonstrated, although the corticospinal tract provides the vast majority of labelled axons observed in the spinal cord of these animals, contributions clearly arise from other descending pathways and intraspinal sources. In the medial dorsal horn, in the area examined, immunoreactive innervation would be overwhelmingly from the corticospinal tract, as other descending pathways do not innervate this region [18, 21] and YFP labelled neurones in the spinal cord were mostly located in the ventral horn. Therefore, to begin with, the reduction in innervation in the grey matter reflects the reduction of immunoreactive axons in the dorsal funiculus. The range of approximately 20-80% the density of innervation contralesionally compared with ipsilesionally is comparable with values of 20-60% for the size of the contralesional innervation compared to the ipsilesional innervation in hamsters receiving unilateral sensorimotor cortex lesion at P6 followed by anterograde tracing from the intact sensorimotor cortex as young adults [9] . This did not change markedly over time except that overall, the relative size of the contralesional dorsal funiculus decreased. Therefore it appears that a level of corticospinal innervation of the medial dorsal horn is maintained, despite a loss of corticospinal fibres innervating this region suggesting that surviving axons (which could include ipsilateral projections from the unlesioned hemisphere and surviving projections from the lesioned hemisphere) may sprout to replace missing innervation. In addition, there may be small contributions from other sources of immunoreactive fibres such as rubrospinal fibres in the lateral dorsal horn, or intraspinal axons.
In the medial ventral horn, the reduction in innervation contralesionally is initially not so large. This may reflect the greater degree of innervation by ipsilateral corticospinal fibres in the rodent medial ventral horn [17, 21] which may represent as much as 10-20% of the level of innervation by contralateral fibres [9] . We also predict greater innervation by other labelled descending axons observed in the ventral funiculi and by labelled intraspinal neurones most frequently found in the ventral horn. There was a robust response to the lesion resulting in recovery of immunoreactive axonal processes to the same numbers or more as seen ipsilesionally (80-110%). This again suggests sprouting of surviving axons to replace missing innervation and could include contributions from corticospinal axons from both hemispheres. Rodent corticospinal fibres visualised by anterograde tracing have previously been reported [9] to sprout projections across the midline in response to a unilateral sensorimotor cortex lesion in development and this study also reported a contralesional innervation of 50-80% the ipsilesional innervation by the time the experimental animals reached P35. Therefore, our study suggests that other descending pathways and intraspinal axons could provide approximately a further 30% to add to the sprouting response of corticospinal fibres.
conclusion
Despite the drawbacks of using this particular transgenic mouse for our studies, we were able to confirm that the rodent spinal cord provides a plastic response to developmental lesion of the corticospinal tract. We have previously proposed that, during development, various afferent pathways compete for synaptic space in the spinal cord and that this activity driven process is accompanied by a refinement and reinforcement of synaptic connections most appropriate to efficient sensorimotor functioning [31] . Thus loss or inhibition of contralateral corticospinal input results in retention of inappropriate muscle afferent inputs [5, 30, 32] and establishment of ipsilateral corticospinal projections to the contralesional spinal cord [3, 5, 7, 9, 33] . The present study confirms that such plasticity can occur and introduces the possibility that other sources of innervation may undergo plastic change in response to a developmental lesion including other descending pathways and intraspinal axons. Therapies aimed at treating cerebral palsy should be designed to reinforce appropriate and useful connectivity during this period of plasticity, for instance, by rescuing surviving projections from the lesioned motor cortex by encouraging limb use reinforced by cortical stimulation, rather than allowing maladaptive plasticity to displace such connections with functionally useless ipsilateral projections or hyperreflexive muscle afferent pathways (see [31] for fuller discussion).
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